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Though angina suggests myocardial ischaemia, this symptom is poorly related to the extent, severity, or site of impaired myocardial perfusion. Electrocardiography during graded exercise is commonly used as a clinical tool to assess the extent and site of ischaemia but it is a poor guide. Myocardial oxygen extraction is almost maximal in the resting mammalian heart, an obligatory aerobic organ. As a result increases in oxygen requirement are met predominantly by increases in myocardial blood flow and many of the commonest cardiovascular diseases are manifest as a relative or absolute reduction in myocardial perfusion. The measurement of myocardial perfusion is the cornerstone to understanding the pathophysiological mechanisms involved.
All currently available methods for the measurement of myocardial perfusion in humans are limited. A technique should ideally provide measurements of absolute blood flow with a high degree of spatial and temporal resolution and without perturbing the circulation under investigation. In animals the use of radiolabelled microspheres allows up to nine measurements of absolute perfusion with high spatial resolution and is considered the "gold standard" of available techniques.' Because of the need for tissue samples the method is inapplicable to human studies. All the methods available in humans have limitations. Some do not assess absolute flow, and underestimation of high perfusion rates is a feature of many of the methods based on tracers: All have limited spatial resolution so that none can be used to assess differential perfusion in the layers of the myocardium. Improvement in spatial resolution may come with the development of techniques such as contrast echocardiography, magnetic resonance, and ultrafast x ray computed tomography scanning. Later validation with the catheter positioned as it might in a patient showed very poor correlation with other techniques such as electromagnetic flow probes"3 especially when right atrial pressure was raised.
Because myocardial oxygen extraction is near maximal at rest, changes in oxygen saturation in the coronary sinus reflect changes of coronary blood flow, provided that during the measurement period there is no change in myocardial oxygen demand, there is no significant redistribution of endocardial to epicardial blood flow, and no change in contractility. From the Fick principle: Coronary blood flow = Myocardial oxygen demand Arteriovenous oxygen content difference This relatively simple method has been used to assess rapid and large changes in relative flow, where there is no requirement for a high spatial resolution. 4 Tissue perfusion Myocardial perfusion can be measured directly by injecting a tracer into the circulation and measuring its concentration in the myocardium. The characteristics of the methods used are governed by the tracer used, the detection system, and the mathematical model applied to the measurements in order to derive perfusion.
MATHEMATICAL MODELS
Most perfusion measurements are based on one of two mathematical models:
First pass distribution The Sapirstein principle of first pass distribution"5 states that if an indicator is injected into the circulation the total amount of indicator delivered to each tissue during the first transit is proportional to the flow to that tissue. An ideal indicator would flow to the tissues and then remain trapped there on first transit (which can be considered as 100% extraction of tracer by the tissue) so that the total amount reaching each tissue could be measured. This is the basis of flow measurement by radiolabelled microspheres.
Measurement of the relative numbers of microspheres in different regions of tissue allows calculation of the relative blood flow (BF) to those regions.
BF to region 1 No of microspheres in region 1 BF to region 2 No of microspheres in region 2
If the absolute flow to region 2 is known (from an independent measurement technique), then absolute flow to all other regions can be calculated. One method is to use a surrogate organ. During the flow measurement, blood is withdrawn by pump at a constant known rate into a syringe.' The number of microspheres in the syringe can be measured and the equation solved.
Techniques relying on first pass distribution, sometimes with minor modifications, include thallium-201 scintigraphy, positron emission scanning (with some tracers), and ultrafast x ray computed tomography with intravenous radiographic contrast as a tracer.
Unlike microspheres most tracers used in humans show variable extraction, which is high at low flow but falls as flow increases. Thallium is an example: at moderate flow rates it is distributed intracellularly within the myocardium in proportion to regional blood flow but at low flow it exceeds the microspheres and at high flow the extraction fraction falls.'6 Because the method only allows measurement of relative perfusion this feature is of less clinical significance than in positron emission tomography, where there is the potential to measure absolute flow. The first pass extraction of both "3N-ammonia'7 rubidium-82'8 falls as flow increases (from about 70% to 35% and 55% to 30% respectively) and for this reason both tend to underestimate flow rates above 2-0 and 2-5 ml/g/min for 3N ammonia and rubidium-82 respectively.'8 A further disadvantage is that the extraction of both these tracers may be affected by metabolic changes in the myocardium. Radiographic contrast is also extracted in a flow dependent fashion'9 which is probably the predominant factor in the underestimation of flow rates by ultrafast computed tomography above about 1-5 ml/g/min. Modifications to the basic mathematical model, taking into account tracer kinetics and extraction fraction, have been used to improve flow measurement at high perfusion rates.20 21 In contrast '50-labelled water is a diffusible tracer with an extraction fraction that seems to be independent both of flow rate and the metabolic state of the myocardium. 22 Though there are other difficulties with this method (because the tracer also labels the blood pool), accurate measurements of perfusion have been performed over a wide range of flows using a diffusible tracer model (below).
Diffusible tracer techniques
These techniques depend on the physical properties of inert gases. Being small and highly lipid soluble the atoms diffuse rapidly across capillary walls so that the rate of exchange between blood and tissue can be assumed to be limited by blood flow. There have been two approaches to the measurement of perfusion. The first method requires the measurement of tracer concentration in the arterial inflow and venous outflow of the organ under investigation. 23 If an inert gas is introduced into the systemic circulation the arterial content will rise faster than the venous concentration because of absorption from the circulating compartment (saturation phase). If the input ceases after the heart is fully saturated with the inert gas the arterial concentration will fall faster than the coronary sinus concentration, because the gas will continue to diffuse back into the venous system (desaturation phase). From the Fick principle it can be shown that either during the saturation or desaturation phase, the integrated difference in gas concentration between the arterial input and venous outflow is proportional to coronary flow per unit weight.24 Several criteria have to be met. The indicator must be physiologically inert and must saturate the myocardium evenly, its partition coefficient in myocardium, fat, red blood cells, and plasma must be known, venous blood must be sampled from the entire myocardial region of interest, coronary flow must be stable during the saturation and desaturation phase (5 to 20 minutes), and data from the entire time course (until saturation or desaturation is 98 to 99% complete) must be analysed. The only method currently used to measure myocardial perfusion in humans involves the inhalation of a non-radioactive inert gas (helium, hydrogen, or argon) with measurements of arterial and coronary sinus concentrations by gas chromatography. The method cannot be used to assess regional heterogeneity of flow and can therefore only be used where myocardial perfusion is assumed to be homogeneous, as in patients with left ventricular hypertrophy. Coronary sinus blood is sampled and therefore assumed to drain only left ventricular blood. The time required for each measurement is long and flow must remain constant during this time. Finally the technique has only been validated for flow up to 1-6 ml/minlg.25 Nevertheless the method has been widely used because, though there are limitations, it is able to measure flow per unit mass in the left ventricle.
The second approach, also referred to as "residue detection", is also based on the Fick principle but has the advantage that flow can be derived without resort to blood sampling, provided that the rate of change of concentration of tracer in the tissue can be measured by an external detector.26 Flow is calculated from the mono-exponential rate constant of clearance from the muscle after a bolus injection of dissolved inert gas tracer. Though this derivation resembles the first,24 it makes the additional assumption that the fractional rate of change of venous inert gas concentration is constant throughout desaturation. By using a multiple crystal scintillation camera and recording the rate of washout from multiple discrete regions of myocardium after intracoronary injection of xenon-133, spatial resolution can be added to the technique. 27 The high lipid solubility of xenon limits the accuracy of repeated measurements. Planar image acquisition may result in superimposition of normal and underperfused myocardium and does not allow assessment of transmural flow heterogeneity. In regions where there is tissue inhomogeneity (such as scar tissue and residual viable myocardium) flow is weighted in favour of high flow areas. 28 As with non-radioactive gas clearance, validation studies show that measurements of flow rates is limited up to only 2 ml/min/g.29 Modifications of this model have been used with positron emitters such as 150-labelled water.
Other models: videodensitometry With the wide availability of coronary angiography and the recent introduction of digital acquisition systems, there has been much interest in the development of videodensitometric methods to measure coronary flow and myocardial perfusion. Several other mathematical models have been explored, some being based on those described above. Overall there have been five different approaches. Though the first two methods involve the assessment of contrast in epicardial coronary vessels and the last three assessment of contrast in the myocardium they are grouped in this section for clarity. Transit time-The principles of this method are described in the section entitled "arterial inflow". The requirement for a non-branching, straight proximal vessel with no overlapping structures is so limiting that several adaptations have been investigated that overcome some of the methodological problems.
The wavefront (rather than mean) transit time has been used to make measurements before blood flow is perturbed by contrast dilating coronary resistance vessels and to avoid effects of variable washout from myocardium.30 Densitometric measurements have also been used to assess vessel volume."
More recently encouraging results have been reported with three dimensional reconstruction of the coronary anatomy from biplane angiography (see later under "linear programming techniques"). This allows accurate measurements of coronary intravascular volume by reducing inaccuracies caused by the foreshortening resulting from vessel tortuosity. When combined with an assessment of transit time, measurements of absolute flow have been recorded in the left anterior descending coronary artery of humans.'2 In general, in the assessment of absolute flow some correction is necessary for the exponential relation between iodine concentration and x ray attenuation as well as for x ray scatter, veiling glare, and pincushion distortion. Most of these techniques also require a high frame rate of image acquisition. Indicator dilution-An alternative approach was proposed by Foerster et al33 based on the principles of indicator dilution. The area under the curve of contrast density plotted against time is measured for an epicardial coronary artery by subtracting the opacification of overlying myocardium. Flow is inversely related to this area and directly related to the amount of contrast given. If measurements are made under both basal and hyperaemic conditions then, provided an identical region of interest is used and factors relating to calibration (such as the relation between contrast mass and the density on the image intensifier) are unchanged, the ratios of basal to hyperaemic flow can be found.
These methods involve sub-selective contrast injection of a precisely known contrast volume that must be constant for repeated injections. They also require electrocardiographically triggered image acquisition and contrast injection and good registration of subtracted images. More Precise image registration is required as is complete replacement of intracoronary blood by contrast. Contrast washout analysis-The mathematical model used for inert gas clearance (described above) has also been applied to the washout of myocardial contrast after intracoronary injection in humans.38 Digital subtraction was used to enhance measurements of myocardial contrast density, with encouraging results. Transfer function analysis-To try to overcome several limitations of the above methods, Eigler et al 39 used a method in which they assumed that the coronary transit of contrast behaves as a linear system that can be described by its impulse response function. The method uses the entire wash-in and wash-out curves of both the epicardial coronary artery (input function) and the myocardium (output function). Given two assumptions (stationarity and superposition) the transfer function will predict the myocardial curve from the arterial curve. Promising results were obtained, suggesting that the method may be more accurate than conventional indicator dilution and appearance time variables while obviating the requirement for gated power injection of contrast.
All these techniques have their limitations, particularly when used in a clinical setting. Many are sensitive to the effects of confounding variables such as injection technique and the effects of cardiac and respiratory cycle on density measurements, requiring relatively prolonged breath holding. Despite the development of three dimensional reconstruction (see below in the section on linear programming techniques) none of the methods can yet provide tomographic data.
Temporal resolution
Methods that rely on the accumulation of tracer cannot assess the second to second variations in perfusion that can be recorded by arterial inflow of venous outflow methods described above. They require at least a single circulation time (10-30 seconds) for tracer distribution, or 5-20 minutes for inert gas saturation or desaturation to occur.
Spatial resolution
Methods that measure arterial blood velocity or assess venous drainage can be used to assess rapid changes in flow but they have a poor spatial resolution. The resolution is defined by the myocardial segment subtended by the artery (inflow methods) or great cardiac vein or coronary sinus (outflow methods). The resolution of methods used to assess tissue perfusion depends on the tracer and detector combination used and on the availability of tomographic reconstruction to provide information in three spatial dimensions.
ISOTOPE-DETECTOR COMBINATION
At present the main developments in isotopes involve the single photon emitters. Thallium-201 has several disadvantages: its long halflife limits the dose that can be safely given to a patient and its main emission is of photons with relatively low energy. These factors combine to produce low resolution scintigrams with a low signal to noise ratio. Technetium99m emits photons of 140 keV and hence is well suited to scintillation cameras. There is less tissue attenuation and greater image resolution. Technetium-99m has a shorter half life (6 h) which permits higher activity to be administered safely. Two groups of compounds have been developed for use in medical imaging-the isonitriles and the substituted oximes. Technetium-labelled 2-methoxy-isobutyl-isonitrile (99mTc-MIBI) has a first pass myocardial extraction of 40%. Uptake seems to be by passive diffusion into the cytosol and is proportional to blood flow. Unlike 20'thallium there is no significant washout or redistribution. Technetium-99m teboroxime is a neutral lipophilic molecule that has a higher first pass extraction fraction (85%) but a very short half life within the myocardium. Image acquisition must therefore be performed rapidly but early repeat studies are possible. Distribution is flow dependent and may be less affected by cellular dysfunction than 99mTc-MIBI.40 TOMOGRAPHY Planar thallium imaging, 133xenon washout, and videodensitometric methods are all limited because the three dimensional object under investigation is "projected" onto a two dimensional surface so that it is difficult to determine the relative depths of objects in the image because overlapping structures are superimposed. From a series of projection images taken from different angles around the heart, it is possible to reconstruct the three dimensional information of the scanned object, and so generate a tomogram. Both positron emission and single photon emission tomography provide information on the distribution of perfusion in three dimensions. Nevertheless neither of these techniques has sufficient spatial resolution to assess transmural differences in perfusion.
THREE DIMENSIONAL RECONSTRUCTION FROM BIPLANE ANGIOGRAPHY
There have been several approaches to the three dimensional reconstruction of both the coronary arterial tree and the myocardium from biplane cine angiograms. Linear programming techniques41 have been used to try to overcome the limitations of planar imaging during coronary angiography and videodensitometric assessment of perfusion. To limit the large number of feasable three dimensional reconstruction solutions from the biplane data, information from the geometry of the epicardial and endocardial boundaries was used together with a computer model of the shape of the myocardium.42 The three dimensional reconstruction of the coronary arterial tree has also been investigated using the x ray projection matrices calculated from a cube phantom filmed in the same projections.2 With the intracoronary vascular volume accurately measured, coronary flow can be determined.
Absolute or relative perfusion Methods that assess arterial inflow or venous outflow express flow in volume per unit time: the amount of muscle supplied or draining the area remains undetermined. Flow measurements based on inert gas diffusion are expressed as flow per unit muscle mass (because muscle mass cannot be determined by the technique). Though the absolute amount of tracer is not usually measured, flow can be calculated if the partition coefficient is known. Some videodensitometric methods that are based on transit time and that use indicator dilution express flow in volume per time: however, the method is simplified if only relative flow is measured.
To measure absolute perfusion by means of the first pass distribution model it must be possible to measure the absolute concentration of tracer. The percentage of photons emitted from a single photon source (such as thallium) that reach a scintillation camera is dependent on scatter attenuation of the body and the distance between the photon source and detector. Because the attenuation path travelled by the photons cannot be measured the absolute concentration of thallium remains unknown and the technique only allows measurement of relative perfusion. Positron emission tomography, however, can be used to measure absolute concentration of the tracer. Coincidence detection of annihilation photons allows the photon's path to be defined so that its attenuation can be calculated.
A positron-emitting isotope is characterised by an excess number of protons. If the excess proton decays to a neutron, a positron (the antiparticle of the electron) and a neutrino are emitted. Positrons emitted in a tissue lose kinetic energy in collisions with atoms and typically travel 1 to 3 mm before coming to rest, usually within 10-9 second. The positron then combines with an electron in an "annihilation reaction", so that their mass is converted to energy, which takes the form of two 511 keV photons travelling in approximately opposite directions.
With paired detectors around a patient, this simultaneous photon production can be detected. Instead of the rotating scintillation camera used to detect single photon emission, the patient is surrounded by a fixed circular array of stationary scintillation detectors that currently allows up to about 21 simultaneous tomographic images to be acquired. A transmission image is acquired first, to be used for attenuation correction. The positron emitter is then injected intravenously and, after an appropriate time interval, data from annihilation photons are acquired. After analysis the projection images are reconstructed by filtered back projection to create a tomographic representation of tracer concentration in the myocardium.
Newer techniques None of the techniques described above can distinguish differences in the transmural distribution of perfusion. Studies in animals have shown that alterations in the perfusion of different layers of the myocardium are of prime importance in understanding the regulation of the coronary circulation, the subendocardium being most vulnerable to reductions in epicardial vessel perfusion or increases in myocardial oxygen demand. The spatial resolution of magnetic resonance imaging, echocardiography, and x ray computed tomography is theoretically sufficient to distinguish such transmural variation in perfusion.
MAGNETIC RESONANCE IMAGING
The development of rapid scan sequences and the use of paramagnetic compounds, such as gadolinium-diethylenetriaminepentaacetic acid (gadolinium-DTPA), as contrast agents has led investigators to explore the possibility of measuring myocardial perfusion with magnetic resonance imaging. Gadolinium-DTPA has an extracellular distribution and shortens both the longitudinal (T1) and transverse (T2) relaxation times, with the former predominating at low dose. The magnitude of this change is dependent on the magnetic field strength and the concentration of the paramagnetic agent. Encouraging results have been reported with a modified Kety equation43 and first pass distribution44 but the difficulty in relating signal intensity to absolute gadolinium-DTPA concentration in vivo needs to be overcome before measurement of absolute myocardial perfusion is possible. CONTRAST 
ECHOCARDIOGRAPHY
Microbubbles, produced by manually agitating a solution, have been used to try to assess myocardial perfusion after direct intracoronary injection. The most important methodological difficulties include the variable relation between contrast concentration and signal intensity, the difficulty in calibrating signal intensity, and the variable stability of current contrast agents which leads to unpredictable pulmonary transit. As a result most studies have used intracoronary injections of contrast, though there are encouraging data on the safety and stability of newer contrast agents such as sonicated albumin microspheres,45 which successfully opacify the myocardium after intravenous injection.
ULTRAFAST X RAY COMPUTED TOMOGRAPHY Rapid exposure times in x ray computed tomography have been achieved by a design that obviates the need for moving parts in the gantry of the scanner. Instead of a rotating x ray source, an electron beam is focused and deflected so as to sweep a stationary tungsten target. This creates a rapidly rotating fan of x rays, allowing cross sectional images to be obtained in up to 50 ms. Without the problem of motion artefact, the concentration of radio-opaque contrast (used as a tracer) can be measured and absolute perfusion derived from first pass distribution principles. This method has been validated against microspheres in dogs4647 and relative perfusion has been validated against single photon emission tomography in humans. 48 Probably because of variable tracer extraction'9 the method underestimates flows above about 1P5 ml/g/min, though modifications to the basic algorithm are being explored and provisional results are encouraging.49 Work in which aortic root injections of contrast were used505' suggests that these measurements may not be liable to under estimation of high flows and may be able to assess differences in subendocardial to subepicardial perfusion.
Patient considerations All methods are invasive. Some, such as intracoronary Doppler ultrasound, xenon-133 clearance, and videodensitometry involve catheter manipulation in coronary arteries;
and electromagnetic probes re4uire surgical dissection of the vessel. All other methods require venous access. Coronary sinus techniques require catheter manipulation during x ray screening, while tracers for single photon and positron emission tomography are given into a peripheral vein. Pulmonary extraction of contrast agents used in echocardiography has necessitated intracoronary injection, though stable agents are being developed for intravenous injection. Ultrafast computed tomography requires either a central venous cannula (for the bolus of contrast delivered at a high flow rate or an intra-aortic root injection. Magnetic resonance techniques also require a rapid bolus of contrast to be delivered intravenously.
Most methods involve exposing the patient to ionising radiation. Arterial velocity and coronary sinus techniques require x ray screening to assess catheter position. Single photon and positron emission methods and radiolabelled xenon result in exposure after the administration of a radioactive substance. Videodensitometry and x ray computed tomography use an x ray source to generate images. Only echocardiography and magnetic resonance imaging are free from this disadvantage. At present there is no evidence to suggest that exposure to ultrasound or to the combination of fixed strong and rapidly changing magnetic fields and radiofrequency transmissions required for magnetic resonance imaging is detrimental to humans or other animals.
Conclusions
Currently no method is able to assess absolute myocardial perfusion with high temporal and spatial resolution in humans. 
